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Specially doped (N = N /'\x) varactors offer a cubic relation between 
voltage and charge. Frequency tripling is thus possible without an idler 
frequency excitation at twice the input frequency. Here we have investigated 
a frequency tripler from 2.115 to 6.345 GHz without an idler frequency at 
4-23 GHz, thus hopefully reducing the cost and complexity of the tripler. 

The results from such varactors indicate that, although frequency 
tripling is possible over a wide band, the efficiency and power-handling 
capacity are considerably lower than conventional frequency tripling with 
abrupt junction varactors excited at 4-23 GHz. The impedance matching 
is harder for these specially doped varactors, even though the mechanical 
construction is greatly simplified. 

I. INTRODUCTION 

The varactor fabrication technique recently evolved is a notable 
beneficiary of the impatt developments. Such a transfer of technology 
from impatt to varactors 1 has resulted in diodes with a zero bias capaci- 
tance of 7.7 pF, a breakdown voltage of 160 V, and a series resistance 
of 0.66 ohm. These diodes have been utilized in the construction of a 
coaxial frequency doubler yielding 8.2 W 1 at 3990 mHz and 80-percent 
efficiency. Further, if these diodes are used for frequency tripling, they 
yield about 10 W 1 at 6.345 GHz and 72- to 76-percent efficiency. When 
the doping density is also controlled (as is done in high-low-high 
profile impatt's), it is possible to generate varactor diodes with any 
predefined relation between the charge and the voltage across the 
varactor. 

Conventional frequency tripling studied by Penfield and Rafuse 2 
asserts the presence of an idler frequency excitation at twice the input 
frequency to mix with the input frequency, thus creating a third 
harmonic voltage. In the proposed tripler, the doping density is ad- 
justed to directly convert the power at incident frequency to power at 
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the third harmonic. This particular doping requirement (derived in 
the appendix) can be relatively easily achieved by the technique used 
in controlling 3 - 4 the doping densities of high-low and high-low-high 
profiles for impatt's and for voltage variable capacitors. The concept 
of varying 5 the doping density for tuning diodes has been reviewed 
by Norwood and Shatz. 6 The capacitance of P-n junctions has been 
studied by Chang. 7 - 8 This paper reports on the study of the efficiency, 
power capacity, bandwidth, and impedance characteristics of triplers 
built from varactors formed by the special doping distribution. Com- 
puted and experimental data from conventional triplers using an abrupt 
junction varactor and an idler frequency excitation are also presented 
to provide a bench mark for comparison. 

II. FREQUENCY-TRIPLING MECHANISM 

In the abrupt junction varactor, the instantaneous voltage V and 
charge q are related as 

(7 - V ) = a{q)*, (1) 

giving rise to second harmonic voltages from the exciting frequency 
charges and currents. Third and fourth harmonic voltages are also 
generated, and if the currents at these frequencies are suppressed, 
then stable frequency doubling results. To achieve a third harmonic 
voltage, a second harmonic (idler) current is essential, and that is the 
well-established basis of conventional frequency tripling. 2 

Now consider a varactor in which the instantaneous voltage and 
charge are related as 

(V - 7.) = a(q)\ (2) 

thereby giving rise to third harmonic voltages resulting from charges 
and currents at the exciting frequency. Stable frequency tripling is 
possible even if second harmonic currents are not present. 

The doping density that leads to such a voltage-charge relation and 
the corresponding capacitance-voltage relationship is derived in the 
appendix, Section A.l. 

III. DIODE CHARACTERIZATION 

The breakdown voltage, the zero bias capacitance per unit area, the 
depletion layer width, and the series resistance are all influenced by 
the doping density. These parameters may be calculated if the doping 
densities at finite distance from the junction are known from the basic 
requirements that yield the voltage-charge relationship (2) (see ap- 
pendix). Further, these parameters in turn critically affect the input 
and output powers, impedances, and the efficiency of the tripler. Only 
if the diode can be fabricated with existing technology, and if the 
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input and output characteristics of the overall tripler are compatible 
with the existing technique of impedance matching, do we have a 
successful tripler design. Three important characteristics influencing 
the circuit performance of the diode are: (i) the breakdown voltage 
Vb, (H) the zero bias capacitance Co, and (in) its series resistance R,. 
The breakdown voltage is limited by the maximum electric intensity 
that the first layer* can withstand. Equation (12) yields the breakdown 
voltage at different doping densities for various first-layer thicknesses 
(see Fig. 1). The zero bias capacitance Co and the series resistance R, 
are inversely related to each other to the first degree of approximation. 1 
Hence, if a typical zero bias capacitance of 7.5 pF is assumed, then the 
series resistance at different doping densities may be computed. These 
curves are also shown in Fig. 1. 

IV. RESULTS OF THE SIMULATION 
4.1 Diode simulation study 

Simulation of the results presented in the appendix yields the data 
necessary to study the performance of the diode from circuit and 
systems considerations. While the diode is tripling the frequency 
directly, the circuit parameters may be determined as follows: An 
impedance across the output is assumed to dissipate a known power; 
the current and charge at the triple frequency in the diode are derived ; 
and the fundamental frequency current and charge required to sustain 
the output charge and current are evaluated at different values of 
static biasing charges across the junction from the fundamental 
voltage-charge relationship, eq. (2). The limits of the charge excursion 
across the junction during one cycle at fundamental frequency excita- 
tion are compared against the minimum and maximum charges 1 which 
the diode is capable of withstanding. Only if these minimum and maxi- 
mum limits are not violated can the diode generate the known power. 
The input impedance is computed by the voltage-charge relationship 
at the fundamental frequency. The efficiency and bandwidth are 
determined by evaluating the losses in the diode at the first and third 
harmonic frequencies, and by incrementing the input frequency from 
its nominal value at 2.115 GHz. The various equations governing the 
distribution of charge, impedances, and efficiency are discussed in 
the appendix, Section A.3. 



* For analysis, the doping profile may be approximated by a series of layers in 
which the doping density is held constant. 

' The exact computation of these parameters has been programmed in the simu- 
lation developed for the analysis on the his 600 computer. 

i This is known from the value of the breakdown voltage Vb and a in eq. (2). 
The minimum charge is zero. 
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Fig. 1 — Vb, Rs characteristics for N = NoX"*. 



4.2 Single-chip diode performance curves 

A single-chip diode can be designed from the basic relationships 
presented in appendix Sections A.l and A.2. The diode characteristics, 
a, V b , and R s (discussed in the appendix), lead to the performance 
curves of the tripler. Figures 2 and 3 depict the performance of two 
typical diodes with zero bias capacitances of 7.5 pF (a = 0.61 X 10 32 , 
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Fig. 2 — Efficiency characteristic of single-chip 7.5-Pf varactor diode. 

V b = 58 V, R. = 1.04 ohms) and 15 pF (a = 0.762 X 10 81 , V b = 58 V, 
and R, = 0.54 ohm). 

4.3 Double-stacked diode performance curves 

When two single chips are stacked in series across the 2.115-GHz 
supply, the breakdown voltage and the resistance double, while the 
capacitance halves. The resistance of each chip is, however, inversely 
proportional to its capacitance. Hence, a 7.5-pF-stacked diode made 
from two 15-pF diodes would have a breakdown voltage of 116 V 
and R, = 1.08 ohms. 

The performance curves of two diodes with a zero bias capacitance 
of 7.5 pF (a = 0.152 X 10 32 , V b = 116 V, and R, = 1.08 ohms) and 
10 pF (a = 0.643 X 10 31 , V b = 116 V, and R. = 0.84 ohm) are shown 
in Figs. 4 and 5. 
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Fig. 3 — Efficiency characteristic of single-chip 15.0-Pf varactor diode. 

4.4 Triple-stacked diode performance curves 

Two typical diodes having zero bias capacitances of 5 and 7.5 pF 
yield the efficiency-output characteristics shown in Figs. 6 and 7. 
Three single-chip diodes with zero bias capacitance, Co = 15 pF, are 
stacked to obtain the first 5-pF, 174-V, 1.62-ohm diode, and three 
chips each with 22.5 pF, 58 V, and 0.38 ohm constitute the second 
diode. 

4.5 Effect of changing the doping density 

The diode may also be fabricated by altering the concentration 
densities in the various layers of the diode. The value of N is computed 
from JVi, the first layer doping density. In most of the simulation 
presented thus far, the value of JVi was held at 0.74 X 10 16 /cm 3 . It 
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Fig. 4 — Efficiency characteristics of 7.5-Pf stacked diode. 
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Fig. 8 — Efficiency characteristic of 10-Pf stacked diode. 

was found by trial that a certain compromise between power and 
efficiency could be reached at this doping level. However, for the sake 
of completeness, results with doping densities of Ni = 0.64 X 10 16 /cm 3 
and JVi = 0.84 X 10 l6 /cm 3 are also presented in Figs. 8 and 9 for a 
10-pF diode obtained by stacking two 20-pF diodes. 

V. DISCUSSION OF SIMULATED RESULTS 
5.7 Power-handling capacity 

When the doping density at contact is in the region of 0.7 to 
0.8 X 10 16 /cm 3 , the breakdown voltage for specially doped varactors 
is about 50 percent* lower than that of the abrupt junction varactor. 

' For AT, = 0.75 X 10'Vcm', N = 0.75 X 10" withx, = 2 ji and V b = 60.57 V for 
specially doped varactor, whereas V b = 89.3 V for abrupt junction varactor. .Sm^x 
is 44 X 10 4 V/cm. 
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Fig. 9— Efficiency characteristics of 10-Pf stacked diode with Nt = 0.84 X 10 18 /cm 3 . 

Thus, the total power-handling capacity is severely impaired. Further, 
the solution of cubic equations relating the charge qi at the fundamental 
frequency and the third harmonic charge q 3 leads to the lowest value 
of qi being approximately six times q 3 , whereas the corresponding 
solutions in the conventional tripler with an idler yield the charges 
qs-.qi-.qi at the fundamental, the idler, and the third harmonic fre- 
quencies to be approximately in the proportion of 1:1.37:2.27. This 
further reduces the power that can be obtained from the tripler. For a 
triple-stacked, specially doped varactor, the breakdown voltage is 
174 V and the power output is 1.5 W. For a triple-stacked, abrupt 
junction varactor with an idler circuit, the breakdown voltage is 
262 V, and power output is 12.0 W, as shown in Fig. 10. 

5.2 Efficiency 

The specially doped varactor resistance, being a sum of the resist- 
ances of the various layers approximating the {N = Nox'*) profile, is 
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higher than that of the abrupt junction diode. This is especially the 
case if the depletion layer is wide and if the doping density farther 
away from the junction is much less than the doping density of the 
first layer. The efficiency is thus adversely affected. Further, the 
proportion of charges 51 and 93 entail a relatively higher magnitude of 
51 than its corresponding value for a conventional tripler. The funda- 
mental frequency current is much higher, thereby increasing the dis- 
sipation in the series resistance of the diode. 

While the efficiency of the tripler is limited to a range of 30 to 40 
percent with an output of 1 to 1.5 W (see Figs. 2 to 9) at 6.345 GHz, 
the efficiency (see Fig. 10) of a triple-stacked, abrupt junction tripler 
is well into the 70- to 76-percent range with an output of 8 to 10 W. For 
this particular diode, the zero bias capacitance Co is 5.0 pF, the break- 
down voltage Vb is 262 V, and the series resistance is 0.97 ohm. 

5.3 Impedances 

The higher value of 31 required to sustain q 3 reduces the real com- 
ponent of impedance to low values. Most of the power exchange takes 
place when the inductive component of the output is matched to tune 
out the average elastance of the diode, and the capacitive component 
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of the input impedance becomes approximately three times the induc- 
tive component of the output impedance. Typically, the output and 
input impedances of a triple-stacked diode with a zero bias capacitance 
of 7.5 pF, breakdown voltage of 174 V, and a series resistance of 
1.14 ohms while delivering 1.5 W at 6.345 GHz are (4 + j'14) and 
(2.21 — j'41.5) ohms. These impedances are typical of the diode with 
special doping. 

5.4 Bandwidth 

The lack of an idler circuit makes this tripler reasonably broad- 
banded. When the output frequency is varied by approximately 700 
mHz, the real component of the input impedance remains at 2.21 
ohms, and the imaginary component varies from 43.6 to 38.9 ohms. 
A 70-mHz variation causes a change from 41.3 to 40.7 ohms. In com- 
parison, the conventional tripler* undergoes a change from 7.28 to 5.71 
ohms (real component) and 39.53 to 43.18 ohms (imaginary compo- 
nent) when the output frequency is changed by 35 mHz on either side 
of this nominal value at 6.345 GHz. Figures 11a and lib depict the 
experimentally determined bandwidth characteristics of a conven- 
tional tripler at 8- and 5-W output. 

5.5 Effect ot diode design variations 

The reduction for Ni from (0.74 to 0.64) X 10 16 /cm 3 increases the 
breakdown voltage from 116 to 148.6 V, thus increasing the power 
from 800 mW to 1 W. Also, the accompanying increase in resistance 
from 0.84 to 1.09 ohms reduces the efficiency from 35 to 32 percent. 
Converse results occur when the doping density of the first layer is 
increased from (0.74 to 0.84) X 10 16 /cm 3 . The power-handling capacity 
is reduced to 600 mW, and efficiency increases to about 40 percent 
owing to reduced resistance of 0.648 ohm. 

VI. EXPERIMENTAL VERIFICATION 

In view of the results obtained from the computer simulation, the 
experimental investigation has been limited. Instead of actually con- 
structing diodes with the prespecified doping densities, the high-low- 
high profile impatt junction has been used with the high doping 
density region almost etched out to leave a steeply descending con- 
centration level. This concentration approximates the ideal 
(N = No/yx) relation, thus making the voltage-charge relation 
dominated by a cubic term. 



* These results are obtained by the analysis of a triple-stacked, abrupt junction 
varactor into a zero bias capacitance of 5 pF, breakdown voltage of 262 V, and a 
series resistance of 1.03 ohms while delivering 6 W into an impedance of 10 + ,7*21.6 
ohms. The variation accounts for the variation in idler circuit impedance because of 
a change in frequency. 
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Fig. 11 — 0.5-dB bandwidth data of the conventional tripler built with an abrupt 
junction diode having C = 5 Pf, V b = 262 V, and R s = 0.97 ohm. 

Experiments with such varactors for direct frequency tripling have 
confirmed that the power output is in the region of 100 to 400 mW, 
depending on the size and breakdown voltage. The efficiency has been 
in the region of 15 to 27 percent, indicating the lossy components. 
These diodes prefer to slip into the conventional frequency-tripling 
mode by utilizing any adjoining tuner circuits for circulating the idler 
frequency currents. Impedance matching is a sizable problem, causing 
frequent burnouts of the diodes. 

VII. CONCLUSIONS 

From power, efficiency, and impedance design considerations, the 
specially doped varactor without an idler frequency excitation cannot 
compete with the conventional abrupt junction varactor excited at 
idler frequency. The decrease in complexity of construction (owing to 
lack of idler) does not offset the reduction in power-handling capacity, 
the low efficiency, or the poor impedance. However, for a wideband, 
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low-power-signal frequency tripling, the specially doped varactor out- 
performs the abrupt junction varactor. The analytical study presented 
here, though not completely complemented by experimental results, 
indicates the power levels, impedances, and efficiencies one may expect 
from such specially doped GaAs varactors. 
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APPENDIX 

A. 1 Basic space-charge equations governing the distribution of the potential 

The electric potential yp and space-charge density [/> = eN(x)~] are 
related* by Poisson equation in the region 

dV eN(x) ,„v 

W = ~ "T ' (3) 

where e is the electronic charge (= 1.602 X 10~ 19 coulombs), e = per- 
mittivity of the region [presently, e = 110.75 X 10 -12 F/m, which is 
the product of e (= 8.854 X 10~ 12 F/m) and the relative permittivity 
e r (= 12.5 for GaAs)], and finally N(x) is the doping density in con- 
centration per cubic meter, with x being measured in meters. 

If the doping density is adjusted to vary by a specific relation such as 

N(x) = JVoS", (4) 

then it is possible to evaluate the exponent n to obtain the desired 
eq. (2) in Section II. Integrating (3) twice, we have 

e(n + l)(w + 2) 
or 

NnPT n+2 

V = *-* = t (n + l)(n + 2) + C «- ^ 

when x = xa = the depletion layer width, then V = V a , the applied 
voltage, and 

dV n * 

-;— = at x = Xd, 

dx 



* This basic relationship is discussed in most standard books such as Microwave 
Semiconductor Devices and their Circuit Application, edited by H. A. Walton, New 
York: McGraw-Hill, 1969. 
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and 

N ex n d +1 

Cl = ^T+T) (6) 

Ko e(n + 2) U; 

e7 (n + 2) P/»«) ... 

Xd = iV e ' (8) 

Now Q, charge per unit area, may be evaluated as 

O- T^l N ° e I" e(n + 2) |W»W 

* e L dx J._. n + 1 [ N e Va \ 

If n = — £, (n + 1/ra + 2) = ^, and we have 

Q = 2^(f) -e(iVoe) 2 7* coulomb/m 2 

= «o(F - V )i, (9) 

where 7 is the normal contact potential, being about 1.2 V for GaAs 
contacts. Hence, if the doping density is adjusted to approximate 
N = NoX~*, we would have the necessary charge- voltage relationship 
[eq. (2)]] for direct tripling of frequency. Here, a = (ao^) -3 , where A 
is the cross-sectional area of the diode in square meters. Thus, 

a = 0.02941 X 10 36 /(N%A 3 ). (9a) 

A. 2 Diode characterization 
A.2.1 Breakdown voltage 

The maximum voltage gradient permitted for GaAs contacts at 
various doping densities is known. Therefore, the breakdown voltage 
for an N = NoX~l doping distribution at various doping densities may 
be plotted from the equation 

V b = 4 X 10 16 IE(N )JN^ 2 V. (10) 

If the doping density is to be exactly iV = JVo/Vx, then N reaches an 
infinite value at x = 0. To eliminate this situation, the first layer 
doping density is held as JVi (per cubic meter) and the value of No 
is calculated as No = 0.707 Nix\, where x\ indicates the width of the 
first layer in meters. The doping densities for the ?nth adjoining layer 
is calculated as 

m-l 

N m = No ( £ X { + X m /2)~i. (11) 

In essence, the doping density distribution is approximated by a series 
of layers with different doping densities, and the value of the doping 
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density at the center of each layer corresponds to the necessary dis- 
tribution of N = NoX~K 

The values of Vb may be plotted against the first layer doping 
density JVi for different values of the first layer thicknesses (xi). 
Equation (10) now assumes the form 

V b = 8 X 10"[tf (i^WfV 1 V, (12) 

where E(Ni) is in volts per meter, Ni is in impurity concentration per 
cubic meter, and x\ is in meters (see Fig. 1). 

A.2.2 Diode resistance 

This may be calculated by adding the resistances of the various 
layers. The resistivities at different values of doping densities are well 
known, 9 and the total resistance* may be calculated as 

a-A + 'faW* as) 

where R c is the contact resistance inversely proportional to the area 
of cross-section A, p(Ni) is the resistivity of the ith. layer with a doping 
density of Ni, and U is the width of the ith layer. 

A.2.3 Summary of equations 

Depletion layer width is 

x d = 102.53 X 10-W - f (7 + 7o) J m. (14) 

Maximum voltage gradient is 

# ma * = 0.02924 X 10-WJ(7 + 7 )» V/m. (15) 

Capacitance per unit area is 

C = 1.079 X 10- 16 Nl(V + V )-i F/m 2 . (16) 

Charge per unit area is 

Q - 3.2394 X HHWKF + F )* cb/m 2 . (17) 

A.3 Circuit performance of the diode as a tripler 
A.3.1 Loss-less-varactor formulations 

The voltages and charges in the basic relationship 

(7 _ Vo) = «q* (2) 



* This formulation is correct at a negligible depletion layer width. In practice, 
the depletion layer is swept during each cycle at the input frequency. In the con- 
ventional tripler analysis, the reduction of loss because of sweeping of the epitaxial 
layer enhanced the efficiency by 2 to 4 percent, while the triple-stacked abrupt 
junction diode (see Fig. 10) was delivering 6 to 10 W at 6.345 GHz into an impedance 
of (8 + J21.4) ohms. 
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may be written in terms of the Fourier components at the first and 
third harmonics as 

(v - V ) = («« - Vo) + t>i + v\ + v 3 + <1 (lg) 

g = go + gi + gl + g 3 + gs j' 

where the subscript and the star indicate the harmonic and the con- 
jugate. Separating out the two harmonics and ignoring 1 the currents 
and voltage at other harmonic frequencies from the equations, we have 



- - (g? + 6g ig tg 3 + 3g 2 ,g 3 + 3qU) (19) 

- = (6gig 3 g: + 3^ ?1 + 3g?g? + 3g? 2 g 3 ) (20) 



Vj —^ — - = (go + 6g gigt + 6g g 3 g3)- (21) 

Further, we have the relation between the instantaneous charge g 
and its Fourier components 

g& < g = go + gx + g* + gs + g3 < o. (22) 

If the power and impedance at the third harmonic are known, then 
Vz and q 3 are known, and for various values of g , the values of gi may 
be computed from (19). If the varactor diode is capable of sustaining 
the assumed output, then the net charge q during any one cycle of 
oscillation at the exciting frequency should be less than the breakdown 
charge g& computed from the relation 

q b = *(V b - V )/a. (23) 

The value of Vb is known from the diode design presented in (3). 

4.3.2 Lossy varactor formulations 

If R s is the series resistance of the diode, then eqs. (19) and (20) 
become 

v a + IzRs 



a 

vi - I X R B 



= q\ + 6g 3 |gi| 2 + 3ggg 3 + 3g 3 |g 3 | 2 (24) 

= 6gi | g 3 1 2 + 3^5! + 3gi | gi | 2 + 3g 3 gt 2 . (25) 

u 

Equation (24) may be solved by rewriting it in terms of q\ and multi- 
plying it by q* 3 , which leads to an equation in terms of |gi| 6 , |gi| 4 , 



' The physical basis for ignoring the other harmonics is that the circuit presents 
very large impedances at these frequencies, and there is effectively no flow of current 
or oscillation of charge at these extraneous frequencies. 
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|gi| 2 , and a constant. This resulting equation is a cubic equation in 
terms of | gi | 2 , and only its real and positive root is a valid solution for 
(24). 

If the computed value of qi which corresponds to a prechosen value 
of qo and 53 also satisfies (22), we have the necessary condition for 
generation of the power P which originally resulted in qz. 

The current I\, voltage v x , and bias voltage v are calculated from 
qi, eq. (25), and eq. (21), respectively. The efficiency is known by the 
computation of the power dissipated because of the first and third 
harmonic currents and their conjugates in R s . 
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